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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL MEMORANDWM NO. 1183

TEMPERATURES AND STRESSES ON HOLLOW BLADES

FOR GAS TURBINES*

By Erich Pollmann

The present treatise reports on theoretical investiga-
tions and test-stand measurements which were carried out
in the BMW Flugmotoren GubH in developing the hollow
blade for exhaust gas turbines. As an introduction the
temperature variation and the stress on a turbine blade
for a gas temperature of 900° and circumferential
velocities of 3C0 meters per second are discussed. The
assumptions cn the heat transfer cocefficients at the
blede profile are supported by tests cn en elsectrically
heated blade model. The temparature distribution in the
crogs section of a blede 1s thoroughly investigated and
the temperature field determined for a special case. A
method for calculation of the thermal stresses in turbine
blades for a glven temperature distribution is indicated.
The effect of the heat radiatlion on the blade temperature
also 1s dealt with. Test-stand experiments on turbine
blades are evaluated, particularly with respect to tem-
Perature distribution in the cross section; maximum and
minimum temperature in the crogs section are ascertained.
Finally, the application of the hollow blade for a sta-
tionary gas turblne is invegtigated. Starting from a
setup for 550° C gas temperature the improvement of the
thermal efficiency and the fuel consumption are con-
gldered as well as the increase of the useful power by
use of high temperetures. The power required for blade
cooling is taeken into account. The possibility to apply
high circumferential velocitiss with good efficiency is
dlscussed.

I. Introduction

II. Temperature variation and strese along the blede
with heat conductlon to the rotor disc

*‘Temperaturen und Beanspruchungen an Hohlschaufeln fur Gastur-

binen."

Zentrale fur wissenschaftliches Berichtaswesen der Luft-

fahrtforschung des Generalluftzeugmeisters (ZWB) Berlin-Adlershof,
Forschungsbericht Nr. 1879, Munchen, July 30, 1943.
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ITI. Tegts for determination of the lhieat transfer coeffi-
cients at the blade profile

IV. Temperature distribution in the cross section of
hollow turbine blades

V. Calculation of the thermal stresses

VI. Congideration of the effect of the radiation on
the blade temperature

VII. Tests on blade segments and comparison with the
celculation

VIII. Error of measurement in installing thermocouples
in the air or gas flow

IX. Power requirement for cooling and prospects of the
hollow~blade turbine

Z. References

LIST OF SYMBOLS

heat content (X cal/h)

heat conductivity (K cal/m, ©C, h)
temperature, °C

absolute temperature, K

blade cross section, neters?

blade circumference, meters

heat transfer coefficient (K calfw?, °c, Q)

welght of cooling ailr, kilograms per second
weight of gas, kilograms per second
specific heat (K cal/kg, °C)

Reynolds npumber
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Nu Nusselt numbexr

a hydraulic diemeter, meters

& wall thickness, meters

1 viecosity (kg-sec m?)

4 speclfic woight, kilograms per meter3

(%]
avitational acceleration, meters per second”
ar on,

A mechanical heat eguivalent (m kg/K cal)

Ho turbine gradient (X cal/kg)

u circumferential velocity, meters per aeccond
vy relative velocity in the turbine blade, mebers per second
cq nozzle velocity, meters per second

z number of blades

[+ stress, kilograms per millimeter

1 blade longth, meters

by, diemoter of a blade partition circle, metors
r blade radius, msters

» angular velocity (1/scc)

tg blade spacing, meters

Subscripts:

i cooling duct

a blade profile

T turbine

D turblne nozzle

8 radiation



4 NACA TM No. 1183

T. TNTRODUCTION

For kecping high gos temperatures of £00° C to 900° C under
control, various methods of blade cocling were aprlied since
anitable materials with sufficient heat recistance do not exist.
The cooling methods can be subdivided as follows:

1. Load cooling.~ A part of the turbine rotor clrcumference
is loaded with cooling air.

2. Root cooling.=- The turbine disc and the rim, respectively,
are cooled by special measures; thus heatbt is removed from the blade
by conduction.

3. Internal cooling.- A hollow blade design i1s uscd and cooling
air is made to flow through the Inborior.

The load cooling was succcssfully developed at the DVL.
Leist Eljl end Knoernschild LH} have mads varlious eports on it.
This kind of cooling has only a limitod field o application. Like
every other partially loaded turbine the load cool.d turbing must
be designed as a congbant pregsure turbine. Actnal consbtruction of
a multistaged turbine of this type will bo difflcult.

By the root cooling the temperature in the highly stressed
part of the blade can be lowered. Without connection with other
types of cooling it 1s used only for short and wide blades and
moderate gas temperatures (750° C to 800° C).

The intermal cooling of the blade with @ir which is either
Precompresged or moved by the bladse in star ig the object of the
present treatise. With this type of blade cooling,vhich is
supported in 1ts effect by the root cooling, hish ras temperatures
and circumferential velocities can be w.ed. Alco, 2 mulbistaged
turbine can be designed without special difficultics when this type
of cooling is used.

II. TEMPERATURE VARIATICON AND STRESS ALONG THE BLADRE
WITH BEAT CONDUCTION TO THE RUINR DIS

Heat Transfer Coofficlents ai the Blade

First, the heat transfer coefficients must be lmown for cal-
culatlon of the blade temperaturss. The heat “ransfer at the blade

*The brackets refer to the refersnces.
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profiles of the turbine rotor may be estimated according to figure 1
on the basls of the follownng enmirical law.

If ong selects as length of reference for the characteristic
values Nu and Re the diameter of a circular tiube of the same
circumference as the blade one can calculate with the test results
of the tube with a circular cylinder as cross section. The results
for the heat-transfer coefficient of a plate also may be consldered
for comparison if one substitutes instead of the length of refer-
ence 1 +the diameter of a circular tube with the same circumfer-
ence d = 21/x. The results for plate and cylinder plotted in
figure 2 are obtained which will be used Tor calculation of the
heat transfer at the blade profile.

The heat transfer between cooling ailr and internal blade wall
can be calculated by introducing the hydraulic radius or diameter,
respectively, of the cooling duct & = 4fy [U, and using it as

length of refcerence for the characteristic values Nu and Re.
For the connection between Nu and Re the results for the heat
transfer in the cylindric tube arc assumed according to figure 3.
With the aid of the above considerations the hoat transfer coeffi-
cilents may be determined.

The Magnitude of the Stagnation Temperature
The temperature of the gas ahead of tlie turbine nozzles is
asaumed. to be 3gas' In the nozzles the velocity e; is produced.
The temperature at the exit of the nozzles emounts to sgas==Hcl!qp.

The relative velocity of the flow with respect to the blade
is Wy = ¢ - u. It is assumed that 85 percent of the velocity

hesd le = wle/Qg are converted into heat at the stagnation point.
One then obtains at the stagnation point the temperature

Y is designated as stagnation temperature and considered decisive
for the heat transfer. Therefore the relation
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o

W

At = B c121~0.85 =
cp2g S

is valid for the difference between gae teomperature and gbtagnation
temperature. By meens of the velocity triangle in ®tgure 1 the
following formulas can be derived for the ratio wllcl:

- 7 2
Nl = Il - 2% cos al +('E-
cy V €1 \Cl

The stagnation temperature corresponds to tho temperature assumed
by an uncooled blade. The factor 0.85 is a mean value which applies
to constant pressure profiles. A thorough investigation on the
magnitude of the stagnation temperature in uncooled blades was
cerried out by E. Eckert and Weise r3]. For a circumfercntial
velocity of 250 meoters per second the stagnation temporature is
about 100° C lower than the gas temperature.

Blade Temperature Without Conglderation of the Heat
Conduction to the Blade Root
First a hollow blade is considered where no heat conduction to
tho rotor disc takes place. I one neglocts, morcover, the tempera-

ture differcnces in the blade wall and dosiznates the temperaturc
of tho internal and external surface with Sb one obtains the

following simple relation:

The heat contont transferred by the hot gas at the oxtornal
blade surfacc

= k - <]
Ql = aéUa<}a 30> dx

must equal the heat contont transmittod to the cooling air at the
internal circumforecnce
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Qp = oyl (9, = 3,) ax
One thus obtains

3

agUa%a + aiUisi
O=

agU, + ol

or, referred to the stagnation temperature,

oy Ug 3y

o — s
ag Uy ¥4

o

reprosente the mean tempereture of the cross section if the
the blade are neglected.

temperature differences in the crosz section and the heat flow along
The formula shows that for a given gas temperature the blade
temporature is depenfent on the three following values only:
(1) Ratio of the heat transfer coefficients (aila )

(2) Ratio of the blade circumforences (Uﬁ[Ua)

(3) Ratio cooling air/stagnation temperature (Qi/&a)

Blade Termperature with Congideration of the Heat

Conduction to the Blade Root

The blade root and the rotor rim, respectively, have generelly
a lower temperature than the blade.

place along the blade toward the rotor disce

along the blade the relation

Thaorefore a heat flow will take
For the heat flow
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d d%\
- A f-—v— d_‘
Q) Q3 dx(}v ax 8
is valid.

From the heat balance for the cross-hatched element (fig. 5)
of the blade follows

Q}-;'~Q‘3-Q11+Q2=O
From the formula above then follows the differential equation
4 Xfé—%\- U (3% -8 + U, (3-38,)=0
dx dx a’aa(a ) 1riLs i)—
N /

In this equation there may be at first f as well as U, and Ui

functlons of x. If one considers at {irst the case of a cylindric
hollow blade, therefore £ = constant, Ua and Ui = constant,

one obtains

2

a3y . .
AT - aaUé(sa - %) + aiUi(g &i) =0
ax
One equates

8 2 LAE
a AE
p 2 21
;=
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There results

f—;— - (35, - 8%, ) + (B - 8,2 )s =0

If one further equates

2 (.2 2

£ - (Bae * Big)

One obtains a diffecremtial equation vhich formally agrees with the
difTerential equation for the temperature variation on an ordinary
eylindric rnd without internal cooling. The differential equation
reads

2
L2 B, -8 =0
ax® ©

and its sclution

With the boundary conditions

1) x=0 8 = 8

(1) x b= 8,

(2) x = 1 (.@;9)._.0
ax
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The second boundary condition expresses that the heat flow at the
blade tip is neglected. One obtains the following eguations for
determination of the constants A and B

ga - 51 = A+ 3B

h -8}
0 = A - pe PR
and the constants themselves
(<]
Be (s a) St
[¢] 1 -
eﬁh + e P
Bh

=z
l

o
% -'S’)d—-————c——-—-—’—
( ° 1/ ¢fh + o”PR

The eguation Tor the temperature variation along the blade finally
reads:

s maefs s )eB(x-h) + o B(x-h)
o \"o 1 eBh + e-Bh

o>
1

P
]

_ .y cot B(x = h)
o <$° V1) cot Bh

For large values of Bx, & becomes § = Yo+ For the blade

tlp x = h generally the values Ph Dbecame so large that the heat
conduction can be neglected. Thep « « . (symbol missging in the
original) represents the temperatitre at the blade tip and at the
seme time the highest temperature occurring. In this case one may
write in sufficient approximation
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L - = -\ o Bx
R e

This result corresponds to the assumption that Y represents the
blade temperature for neglected heat conduction.

Derivation of a Formula for the Ratio of the
Heat Transfer Coefficients

Since in the formulas for the blade temperatures ¥ there
appears only the ratio “i/ah’ a formula for it shall be derived.
ailaé represents a measure for the efficiency of the cooling.

In the region of Reynolds numbers which has to be considered
for gas turbine blades the following eguations are approximately
valid for the Nusselt numbers:

a. d
1 =
Nu, = ——= = C,Re," = 0.0342Re,’*737
W 1 L o
i
4,
Nu = T2 Ca = CRe ™ = 0.0666Re 0.735
A a a a
a

1\Tu,i is assumed valid for the internal duct, Nua for the heat

transfer at the external surface of the blade. Therefrom one
obtains the following expression for the ratio

The Reynolds number can be written Re = w d7/ng; therewith one
obtains for the ratio
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Reg Wy dy73 a8

Re, 48 Wy 2,75

HiQ

Furthermore, the weight flow per second is G = wF or w =
Thua one obtains

Res _ Oxfges & na
Reg TxCons 4y M

If one designates the axial projection of the nozzle area by F,

= hF.
F xDm

with € taking the narrawing by the finite blade Thilckness into
conasideration.
The eress sectiop through whieh the mme flows then ls

fgaB=Fsin Bl

The following fermuwlatieme are used for the viscoslty and the

heat conductivity:
T 0069
= no =
o}

0.6
(5 )
TO

=
|

b
i
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Then there becomes

S 13
t 50
p g3
\./
o
(€)Y
\O

>3
p i
1
e ™~
I—]!*—B
v i £
\_/
o
o
%)

Therewitli one obtains

Rey Fsmﬁlg,l._/?é Ce69
Ro Fp o T,

a’j_ Xl da Ci (Rel_ -
% A, &4 O Reg

/7,\0%9 a_ ¢, m< smﬂ) EAVEA
= = —— ] —
\Ta a ¢, \d

oy /a,\0+265 /'m, \o 153
e ()@
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The cooling air cross section of the rotor is Fg = z - fg, with £y

designating the cross section of the cooling duct of a blade and z
designating the number of blades of the turbine rotor. The ratio
gas cross section/cooling air cross section F/FK can be transformed

as follows:

FoX Dphe _ ztshe
F

x zfy

tsh is the nozzle area corresponding to one rotor bluzde. The equa-
tion for ai/“b' shows clearly the separate elfects of the dimensions,

the temperatures, and the 'referred" cooling air quantity. The term
with the temperatires Ti/Ta has an exponent C.133. One can see

that the influencs of the tompecrativres on ai/ah is not vory

essential. It is noteworthy that the magnitvde of the absolute
pressure does not appear in the formula, which means that the pres-
sure does not affect the merit of the coolinge. Neither is the
influence of the teorm with da/di very decisives The term with F[Fy,

on the other hand, is ecssential.
Favorable factors for the cooling are thorefore
(1) wide blade spacing, that is, small number of blades
(2) Small cooling duct cross section, that is, narrow blades
(3) Large nozzle height, that is, large blade length

For geometrically similar turbines no changes occur in the
ratiose F/FK and da,di' Thus the merit of the cooling is the

same for a large and a small turbine.

The ratio cr,i/cz,a ig therefore, for a ziven blade shape, no

function other than of the "referred" cooling air weight p. There-
with ai/aa also is no longer dependent on anylhing but p. This

result simplifies the investigations by calculaticn very essentially.

Centrifugal Force Stress of the Twbine Blade.

The stresses caused by the centrifugal forces are first ascer-
tained for a cylindric blade. The centriguwal force of the blade of
the length x, according to figure 6, is:
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x x
C= zmefrd:cr.z::nef r dx
g g
40 0

With r =R - x the integral becomes
X = xa
Tr dx = (R - I‘E) dx = Rx -~ -é-—

Jo {Jo

Thus the centrifugal strese beccmes

The max!imum stress at the blade roct, therefore for = = 1, becomes

2
oy = ng(m S, 2'm21( - _z_)
g WA 2

and mth Ry, =R - 1/2, o, Dbecomes

I~z

o, = Lo®r,"

cmé*e
';\:ilc-a

1=]
B‘dm
S

m

o
The stress Oy =7 /gum’ is designated as circumferentiasl stress.
That is, the stress appearing in a thin ring rotating with U, . Thus
the maximum stress in a cylindric dlade is
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For the stress variation along the cylindx»ic blade the equation

o At
X _ X X
g = co% - _2_.>_ afl(R)
2R

is valid. The function f;(x/R) is plotted in figure 7.

FTor a tapered blade, according to figure &, which ends in a
polint, the stress can be calculated as follows:

‘The cross gsection at an arbitrary location is

hig
f=-—J:x=:Kx
X1

The centrifugal force of the blade of the Jength =x is therefors

X

2
C = -7502 Kx(R - x) dx = »(o%C(R—E): - 3‘-—)
2 3
0

The gtress at the location x then results as

7“’(.‘:{2 Jé)

A g o

oo £E\E "3 -2(0232<fw.__f-‘)
& LI

- ~
and with v° = L-)"RE and 7 /gu‘ =0 ¢ becomes

X
g = -—-.-.—-.._... f
To\ R >°2<h
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This formula for o' gignifles that the stress in the linearily
tapered blade is indepondent of.the degree of tapexr k. If ons cubs
off the point of the blade (fig. 8) considered before, the cemtrifugal
force in each section is amaller by the centrifugal force of the
point. This latber is . -

The change in stress by the elimination of tie point amounts to

fz
8o = Oy—=

With f2/f = x?_/x one obtailns

X X
Ao':o',,-‘?--_-gfn(.i)?:
e x QO b d

Thus the centrifugal stress in the trapezoidal blade with the
crodg sectiong [ at the root and f2 at the externzl diamster

becomes
C=0-M=0 r,\<:: —l?-f,,<i9—>
of <\ R X «\R
&
s x x x2
The function £, (-—) =|— = == ] is plotted in figure 9 and
< \R 2R 3R2

is generally valid for the calculation of the stress in a linearily
tapered blade.
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Calculation of the Temperature and the Stress
in Two Model Hollow Blades

Following the basic calculations given above for temperatures
and stresses of two blades (fig. 10) with different shapes of the
cross gection the cooling duct will be determined. The blade
edges of the blade HS do not come directly into contact with the
coolant. The shape of the cooling duct depends on the method of
production. The blade is partitioned at the cenler and the duct
is made by milling in each half. The two blade halves then are
welded together. The disadvantages of thils method, uneven tempera-
ture distribution and thermal stresses, are discussed in detail
in chapter 3 and 4. The blade form H7 has everyvhere equal wall
thickness and correspondingly short paths of heat flow and there-
fore uniform temperature distribution, For the calculation example
the operating data are assumed in table I. The dimensions of the
blades used in the calculatbion examples are given in table II.

With the values indicated in tables I and IT one calculates
the factors contained in the equation for a4fas according to

table IITI.

The ratio aj/ag for the two blades H5 and H7 is plotted as a
function of the cooling air mass in figure 11.

The blade temperature <, et the point of the blade results
from the equation

s Uy
—_— . a Ya va
a o, U
1 +-—£-—£
ag Uy

The values calculated from it are represented in figure 12 for a
gas temperature of 900°.

One can see that Tor the blade H7 the cooling alr requirement
for the same blade temperature is essenticlly smaller. For a blade
temperature of 650° the requirements are

For the blade H5 - 7.6 percent cooling air

For the blade H7 = 4.0 percent cooling air
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The more favorable values for the blade HT can be traced back
mainly to the larger ratio ‘Ui/Ué. The temperature variation is

obtained from the equation
3 78 = (3 3 )

For the value B +the relation

ay Uy
B _\‘!@aUa <J + a—; Ea‘
- AL

is valid, with o, being determined from Re, and Nu,. The

S’

migsing values are contained in table IV.

In figures 13 and 14 the temperatures and stresges for theo
Dlade H5 are plotted. For the temperature al the root &l Loo

and 500° were assumed. The stresses are plotied for a circum-
ferential veloclty of 250 meters per second.

For the blade H7 the stresses are represented also for a
circumferential velocity of 300 meters per second. (See figs. 15
and 16.)

The temperatures change with the circumferential velocity.
The gtagnation temperature decreases because a larger gradient is
converted in the nozzle for equal ulcl. Accordingly one obtains

for u = 300 meters per second smaller blade hemperatures and
thus a larger permissible stress. The fatigue strength of the
material is regarded as decisive for the permissible stress. In
figures 13 to 16 the fatigue strengthe op corresponding to the

various blade temperaturcs are plotted. The material "B3hler gas 8"
with the op -~ values according to figure 17 was used.

The differenco betwesn ths blado stress ¢ in & blade gection
and the permissible stress op 1s called rescrve strese. The

minimum reserve stress appears in the critical cross section and
amounts for instance according to figure 15 for u = 300 meters per

second to sbout 7 kllograms per millimeter®. The resulte of the
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calculation show thet. for the hollow blade H7 circumferential
velocities of more than 300 meters per second are permissible which
was confirmed by test stand experiments.

After the example above the blade H7 is to be examined for
various other circumferential velocities. Under the assumption of
similar velocity triangles, that is, u/co = constant, the gradient

converted in the turbine stage is, as aiready mentioned, a function
of the clrcumferential velocity. The stagnetion temperature
increases for a small circumferential velocity, because the
tempereture drop in the nozzle 1s smaller. For a gas temperature
of 900° C one obtains for various circumferentiel velocities the
following stagnation temperastures:

Circumferential velocity, m/sec . . . . . . . 150 200 250 300
Stagnation temperature, C . « + « « « » . . . 866 8i0 8ok 763

One can see that for a circumferential velocity of u = 150 meters
per second the stagnation temperature is about 100 percent higher
than for 300 meters per second. The centrifugal stress in the

blade increases with the circumferential velocity wheorees the

blade tempersture decreases. The influsnce of the temperature is

so large that the difference between fatigus strength and stress
remsins almost constant, independont of the circumferential velocity.

In figure 18 the reserve strength in the critical cross section,
that is, the difference between fatigus strength and stress at the
blade location eabject to maximum stress 1s plotted versus the
circumferential velocity. The reserve strength increases for the
same percent cooling air mass, between 300 end 150 meters per second

only from 6.1 to 7.3 kilograms per millimeter® whereas the cen-
trifugal stress at the root of the blade decreases from 17 kilograms

per millimeter2 to 4.2 kilograms per millimeterg. One can sss from
these numerical values that a gas turbine blade may he opsrated
with almost the same safety with respect to breask for large as for
small circumferential velocity. The heat gradicnt used in the
turbine stage is essential for the reserve strength.

TESTS FOR DETERMINATION OF THR HaaT TRANSFER
COEFFICIENT AT THE B i PRAFILE
Justification for the tcst method.- The tests carried out on

blade segments for actual conditions unchanged with respect to
tomperature and dimensions confirmed essentially the agssumptions on
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the heat transfer coefficlents as they were cobtained from the com-
parison of the blede profile with the cylindric tube and the._plate
in a longitudinal flow. A satisfactory installation of the thermo-
couples on the smsll gas turbine blades of 16 to 20 millimetexr widths
and wall thicknesses below 1 millimeter is extremely difficult. For
this reason, the heat transfer coefficlents were measured on an
enlarged blade mpdel. It is known that the heat transfer coeffi-
clent or the Nusselt number, respectively, is independent of the
direction of the heat flow. It is therefore a matter of indif-
ference whether the blade profile absorbs or glves off heat. Thus
the measurements were made on an electrically heated model. A

wind tunnel designed for flow investigations by the author (fig. 19)
was used.

Depcription of the test arrangement.- In an existing blade
cagcade with three test blades the center blade was replaced by an
electrically heated aluminum blade. The blade profile used for the
measurements corresponds to the blade H3 indicated in table II.

The blade width was increased from 16 millimeters on the original
blade to 100 millimoters on the model blade.

A photograph of the blade cascade with the rectangular wooden
nozzle is presented in figure 20. One can see the thermowires led
sideways to the switch by which the individual test points can be
connechbed with the indicator. The test blade with the thermowires
and the connection clamps for heating is reprcduced in figure 21.
Ten temperature test points are arranged in each of the two cross
sections of the teat blade.

The installation of the thermocouples and the location of the
three heating rods can be seen from figure 22.

Bore holes were provided near the surface into which the
thermocouples are introduced from the outside. The soldering
jolnts of the thermowires were then rigidly connected with the
blade by means of a small screw. In view of heat conductivity such
a type of blade material was selected that a2 uniform temperature
distribution in the cross section could be expected; the test
results confirmed this expectation.

The wind tunnel (fig. 19) consists of a radial blower driven
by about 10 PS (German EP) motive power which feeds into a wooden
settling chamber. A well rounded nozzle ic arranged on the side
opposite the air inlet. The nozzle must be adjustable because a
different nozzle height corresponds to each flow incidence By of

the cascade. The blower can be regulated by a butterfly valve
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installed on the side of the inlet. By adJjustment of the butterfly
valve a certain excess pressure can be adjusted in the chamber.

Test procedure and evaluation.- The free-stream velocity of
the blade cascade was ascertalned from the pressures as follows.
Since according to experience the pressure conversion in s well
roundod nozzle takes place practically wlthout losses, the valocity
in the nozzle can be determined from the differencs betwsen the
chamber preossure and the static pressurs in the nozzle. Thus the
velocity in the nozzls is

for the pressure drop Ap one has to insert

&P = Ppoiler = Pnozzle MWS

In the following table, for instance, the measured values for a
nozzle angle of 40°35' are compiled.

Since for the same nozzle engle a certailn nozzle pressure is
coordineted to each boller pressure, the velocity can alsc be
given es a function of the boiler pressure. In figure 23 the
velocity w; is plotted for three nozzle angles as a function of

the chamber pressure. Then for the temperature measurements only
a certain boller pressure was adjusted and the pertaining velocity
taken from the chart.

The center blade was electrically heated by three heating rods.
The heating power was determined by measursment of emperage and
voltage. In the tests one adjusted a certain boiler pbressure,
weited for the equilibrium condition of the temperatures and then
read the 20 temperature test points. The power roquired for
heating is

0.2386
= 1
Q 1000 U kcal/sec
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The heating power corresponds to the supplied heat quantity and,
for equilibriuwm condition, must equal the heat content taken awey
by the air stream. Thus

1

3600 kcal/seo

Q= G«aFOA-s

with A3 indicating the mean difference between wall temperature
and air temperature. Since the differences in wall temperature
are small, the arithmetic mean of the wall temperatures was used
for the calculation. This procedure s Jugtified because the
individual test points are spaced almost evenly over the circum-
ference of the profile. To be exact, the mean temperatwre should
be calculated from the following expression:

, ,
j 'sW dﬂ Z $W AS
d'B

d.. =
Vmean z Dy

If all test polnt distances are equal, the mean value will of
course oqual the arithmetic mean value of the temperatures, thus

Vmean

)
3. = e—_—
z
z 1is the number of the test pointes on the circumference of the

profile. The blade swrface is

Clrcumference X Blade length,

therefore

F, = Ugl = 272.5 X 300 = 0,08175 n®
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In calculating the dimensionless characteristic values Re and Nu
values for the temperature of the outside flow or of the air in the
boiler, respectively, are substituted.

The Reynolds mumber is

wi da
Re L

The length of reference 4, is determined from the profile circum-
ference ag follows:

Lo

a: 86.8mm

d = -
& n

For the velocity the freo-stream velocity of the blade, that is,
the velocity in tho nozzle, is inscrted. The Nussclt number is

The value determined from power regquired for heating and tomperature

difference ig substituted Tor the heat transfcr cocf{icicnt o -

The tables VI and VII show the test values for pressure and tempcra-
tures for a nozzle angle of 40935t.

The moasured dimcnsionless values Nu and Re are plotted in

figure 24. The Reynolds numbcr is between 10” and .5 % 105,
therefore in the turbulent reszicn. The values measured for the
three nozzle angles lie very close to the straisht line for the
mean value of cylinder and plate. The deviations are less than
10 percent.

It is remarkable that a larger Reynolds number reaults for the
same Nusselt number for a small nozzle angle (30°). To a smaller
nozzle anglc corresponds a larger deflection of the flow and thus
a larger lift coefficient. It is known from wing toests that the
heat tramsfer increases with growing lift coefficlent. Here the
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roversed 1nfluence can be geen. If one attempts to introduce in
the Reynolds number the exit veloclty w» one obtains, it is trus,

the usual influence 6f the deflectlion or the 1lift coefficient,
respectively, bub the test values are in no better position with
reavect to the calculated curve of comparison for cylinder and
plate. Thus the free-stream velocity wy 1s nzed thereafter in

the calculations.

For the investigated profile the velocity ahead of and behind
the cascade 18 not very different. It is prosumed that for pro-
filos where a large change in veolocity occurs, ag in excess pres-
sure profiles, the calculation mmebt be mads with a mean value of
the veloclty.

V. TEMPTRATURE DISTRIBUTION IN THE CROSS SECTION

OF FMOLLOW TURDINL BLADES

The mean temperaturo of a blade crossg secchion, where the root
cooling takes effect no longer, was desipgnated by %b. This tempera-

ture actually appoars only when tho heat flow from the intermal to
the external circumferenco takes place witiout a noteworthy drop

in temperaturse. %, 1is therefore only a mean value; actually a

temperature drop occurs in the blade wall and the temporaturo is
not evenly distributed over the cross sccbion.

The Minimum Temperature in the Blade Cross Section

A hollow blade with a corss mection according Lo figure 25 is
congldered. The conter part of tho blade between C and C' is
naturally cocled moro offectively than the blade edges. Thus tho
minimm temperature of the crose section will appear in the core
of tho blade at A and D. One obtains the approximate minlimum
temperature in the cross section %Qmi s 1if one takes the fact

n
into conpideration that for a straight part of the blade wall,
Internal and oxtermal circumference are equale If one substituktes

accordingly in the foxrmula the value Ui = Ué. for sb, one obtains
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s PR

1 Vi

. s It S,
omj.n a “i
1+
%

Tormperatvre Variation in the Blade Edges

In the blade edges the heat content entering from the outside
is not directly given off to the ccoling air, as in the middle part
of the blade wall. The heat content entering at B must first
flow to C and can only there be transferred to the cooling air.
The heat flow from B %o C causes an accordingly large dif-
ference in temperature.

By way of calculation, the temperature variaticm can be
determined a8 follows: Ono considers first the heat flow in the
blade edges between B and C in figure 26. The change of the
heat flow in the cross hatched element (figs 26) must cqual the
heat sbsorbed from the outside by heat transfer. These circum=
gtances sre reprcsemted by the following equations

O
=
'
&
it

2Q3

|

a a \‘
i & oaxl = -3) 2
3 ( = dx/ aa ($a $> dx

If one Aesignates & - $é = 8, one obtains the differential equa-

ticn

2 O,
e d&xdx

For the cross section decreasing linearily was svbotituted

1=£2Xtan @
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Thus there resulted finally the differentlal equatlon

- o === 0
dze Z 4z Z
in which
a s
7 = 2 X
A tan @
or
2 = bf-ZX'.

This equation ig a Bessel differential equation of zero order the
sclution of which reads:

6 = AIO(Ei\[;) - BNO(ei \[’z')

In order to have 6 Tbecome real, B must equal zero.

For X =1Xx,, 2z=132) and §= ). Thorefrom follows

A= il__:_%i

I (21\171)

The temperature variation in the blade sdge is therefore represented
by the equation
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Temperature Variation in the Blade Wall

The temperature variation in the blade wall can be ascertained
in the following mamer. The heat

Q = aa<.s& - &) ax

enters from the outside into the crosshatched clement (fig. 27).
Due to heat conduction, there enters from C

a(dx)
= A
Q= r
In direction towards A,
e =2 a(dx:r + dx)‘s
3 dx

leaves the element. The heat content which on the inside is absorbed
by the air is

Q.‘\_" = Goi (-3-" %i) dx

The temperature difference perpendicular Lo the blade wall was
neglected here.

Mx! x
One can transform the expression Ej_}%:j;ﬂ;)_ ag follows:
X
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The heat balance for the element 1s

Q1+QQ‘Q3"Q)+=O-

2
s &
,ma(sa-a)dx+)\.d-;.s \( d}) x} 3)6::

therefrom follows

2,
xs——-—d -&(mt + a} *Cady + Ay 20
ax®

According to the formula above, § is
Omin

":}Omin(mi + or.a> = $’-J_°°i + r‘}&osﬂ

One equates % o+ =@ and 9’-—; = 3,2; then the differential equa-
= AR
tion assumes the following shapec:

The solution is
t [P 1
3= a3 =Aeax +Beal:

In the section C

x':O ,3:8.
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At large dlstance from €

x':m ,3,:,3,

From the second condition there follows A = 0.

Thus the temperature variation 1n the part CA of the blade
is represented by the equation

-ax’

=S = {3}, = e
Omin ( 1 Omin)

Calculation of the Tempsrature at the Junction of the

Blade Edge and the Blade Wall

The temperature gl at the peoint C, +the Jjunction of the

blade edge and the blade wall, is still unknown in the equations
for the temperature variation. This tempercture results from the
condition that the heat flow must not change at this point. There-

fore
23 9&) - - (s"ﬁ.)
« = *=0, \fl - =5
- V. V
Heat flow Heat flow at
in the the end of the

blade wall blade edge

For the blade wall thers was

-ax’
33 =(d = 2 =
© ( 1 °min>
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For x' =0 there becomes

dy
23 (—— = 2 -
/., v (3 Sonin)

For the blade edge there becomes

(d:, i il(ai\fz_l_. be
%1 dX)X‘;:xl - Sl('&l -3&) Io<gi\l-z_;_) v;

and

i

are introduced,

1T A+

Maximum Temperature in the Blade Cross Section

31

The temperature veriation in the blade edge is represented by

the following equation
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a0,
((}1 ﬂ) (21\(_1)

Tn this formula the temperature at the Jjunction point C is known
go that the variation of & can be debermined.

The maximum temperature at the point B is obtained 1If in the
formula above the valve 2z ls substituted for =z. Therefore,

1o(2f5p)
) o)

By meang of the formulas glven above tile temperature at any point
of the blade can be calculated if gas and cooling air temperature
and ‘the heat transfer coefficisnts are known.

O

Temperatvre Drop in the Blade Wall
In tho calculabion of the temperature of the blade wall at A
the temperature drop perpendicular to the wall vas neglected and
internal and external wmll temperature were assumed equal. Now
the temperaturc drop in the wall is to be calculated.

An clement of the length dx and the height 1 1s considered.
The heoat quantity ontering the olement amounts o

Q= Gra(-&a - '%I) dx

The hoat content leaving it is

= a‘j_(sII - 31) da
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1)
) )

his formula the temperature at the Junction point C 1is known
hat the variation of & can be determined.

The maximum temperature at the point B 1s cbtained if In the
ula above the valve 2z, 1is substituted for z. Therefore,

| o)
max  Va (sl"sa) 1 (’3‘1 l)

sans of the formulas given above the temperature at any point
1¢ blado can be calculatsd if gas and coollng air temperature
che heat transfer coeffilcients are known.

Temperatvre Drop in the Blade Wall
In the calculation of the temperaturce of the blade wall at A
-emperature drop perpendiculzar to the wall was neglected and
‘nal and external wall temperature were assumed equal. Now

.emperaturc drop in the wall is to be calculated.

An clement of the length dx and tho heisht 1 is considered.
1woat quantity ontering the olemeont amcunts to

oo o)

cat content leaving it is
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The heat flcw perpendicular to the wall causes a temperature
.gradient in the direction 1z, = therefors

o . ,3_ -
Q=-3$ar- - L ke x S AN
dz 3 3

The calculation of A$ 18 made as follows:

there is further

If one substitutes in this equation the calculated expression for §
there results

IJ

R EAY2Y 3
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therefore finally

AJ= 1
1+ A E— +'l—}
3 u.i a'a y;
or, divided by S,
B
14—

o 1B

Ya
TN /1 1
L+=—+ o
CGraphical Supplement of the Terperature Field

Naturally the variation of the temperatures determined by
calculation represents only an approximation. To be exact, one 1is
dealing with a temperature fleld, therefore with a two-dimensional
problem. The calculated temperatures at the points A, B, and C
form as it were the scaffold for the temperature field. The tempera-«
ture field must be a square_net; such & net can be completed graphi-
cally by trial and error [4]. The heat flow per unit area is glven
by the equation (basic equation of heat conduction)

ay Ad
= e ) = e} ——
4 an n

The heat guantity which flows through the length As (fig. 28)
between the streamlines drawn in dashed lines, amounts to

An equal heat content must enter at the exbernal surface on the
length Ao. The average temperature at the surizce is
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o =

1
Sy = {3+ 8 + A =3 + 588

2

w1

The heat transfer coefficlient is assumed to be o andi the gas

‘temperature $a' Then

As
If one takes &in ¢ = — into consideratlon, one obtains

Ho
Le S I §
ma:éﬁ;:________a("’a m)
Lo L%
“\'_.....
&n

The correctness of tho temperature field that vas drawn can be
tested by means of the relation above.

Tor a hollow blade HS +the temperature field in the blade
cross gection was ccmpletely determined. (See fig. 30.) The
opereting conditions for this blads are particularly mnfavorable.
The blade operates with excess pressure ahead of the nozzles whereas
Tor the other examples there is abmogpheric pressure shead of the
nozzles and low pressurs behind the nozzles. For the blade HS
there result, due to the large gas density, especially large heatb
trangfer coefficlents and larger temperature d:tfferences’than Tor

Fha Athew avarmmiam mamtsS amad Tt v de Flam oameanadamano "
VAL W UlLTS UMJ_J-I-GB MO AU LA L s - ded D U’ LilS \JGHLE'\J-LQ Uil o -‘\} >

Do
min
variation in the rib-liks blads edge calculated. This “scaffold”
was then completed by comstruction of & square nct and controlled by
the surface condition.

¥ 4
ol
3 wero determined and moreover the tomparsbure

Heab Transfer at the Stagnation Point of tho Blade

A mean heat transfer coefficlent wag used at first for the
calculation of the temperature distribubtion in the blade cross

—_ - —————— e —— - - f—
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gection. No exact date exist on the exact variability of this coef-
ficient along the circumference. However, an estimate for the
ptagnation point of the profile can be made in the following manner.

It is known that the heat transfer at the stagnation polnt of
a streamlined body depends only on the radius of curvature at this
polnt. Test values on the magnitude of the heat transfer at the
stagnation point of & cylinder have been compiled [5]. A formula
given by Squire readss

Nu = 1.01\Re

The values calculated with this formula agree well with the test

4
results. For Reynolds numbers of 10 +the heat transfer at the
stagnation point is ebout twice as large as tho average heat transfer.

For Re = lO5 both heat transfer cocefficients arc about cqual. If
one congiders a blade profile with da = 22 millimeters and a

diameter of curvature at the leading edge of 2.2 millimeters, the

Reynolds number for the leading edge is, for Rea = 105, Rel = l.OlL

and one obtainsg the following Nusselt numbers:

Nua = 330

Therewlth & becomes
8

% Mt 330 x 2.2
aal a.aNul 22 x 100

-33

Thus a heat transfer coefficient at the stagnaticn point on the
leading edge 3.C times as large as the mean heat transfer coeffi-
cient results for the case above. Due to the large heat transfer
coefficlents for slight rounding of the leading odge high tempera-
tures appear there. It is therefore useful, to round the leading
edges of gas-turbine blades sufficiently.
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Calculation of the Maximum, Mean, and Minimm Temperature
in the Blade Cross 7Sec£ion
By means of the formmlas given above the maximm and minimum

temperatures in the blade cross section can be determined and
represented as

and

as functions of the cooling-air quantity. For the hollow blade H3
(dimensions according to tablelI) the values ebove are plotted in
figure 31. The maximum temperature difference appoaring in the
blade seoctlon is found to be

For 7 percent cooling air and :}a = 8014-0 corresponding to 900° gas
temperature one obtains the following temperature differences

At = 140° ¢

Schorner 6 also measured temperature differences of more than 100°
in the cross section of a hollow blade the interior of which wes
Provided with ribs, to improve the cooling effect.
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V. CALCULATION OF THE HEAT SIRESSES -

General Remarks on Thermal Stresses

Due to the temperature differences in the blade croes section,
there appear thermal stresses. The effect of the thermal stresses
can becoms so strong that heat cracks originate. The photograph
(f1g. 32) shows a seriss of Tlades H3 in which after a test run

cracks were found on the convex® side. At first this phenomenon
could not be explained satisfactorily. It could be proved by
investigation of the temperature distribution and determination of
the thermal stresses that the cracks are caused by the temperature
differences in the cross sectlon.

The thermal stress in a rod-shapod body the heat expansion of
vhich is prevented by a fictitious rigld clamping of the ends
according to figuro 33, is [7]

g = -EBQ; . tl)

t and %, are the temperatures distributed evenly over the cross
section. The rod is heasteod from the tomperaturc tl to the tompera-

ture t. E is thc modulus of olasticity, £ +the lincar heat expan-
sion coofficicnt. When the heat expansion is complotely provented,
very largc gtresses appear. For the austenitic stecl SAS 8 E and B
are for 600° C

6

(o]

B =19 x 10 > 1/fc

E ~ 1.5 x 10° kg,/cm2

Tor a heating of 10° one obtains a stross of

6 2

6 X 10 = 285 kg/en

1.5 x 10° x 15 x 10~

Q
i

a

2.85 kgfm®

2Literally: “belly side"
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For temperature differencee of about 100 one obtains thermal
ptresses in the order of magnitude of the elastic limit and the
fatigue strength, respectively, of the heat resistant materials.

If the clamping is not campletely rigld so that the rod can
expand by the amount ¢, the thermel stress becomes

o:E[e-pt-tl)]

Calculation of the Thermal Stresses In a Rod Clamped on One
Side with Arbitrary Temperature Distribution

A rod is considercd which, like a turbine blade, s clamped
at one end only; 1n this case the rod can expand freely and no
thermal stresses appear as long as the tomperabure distribution in
the cross sectlon remains constant. If, however, the temperature
distribution is not wniform, the separate fibers of the rod will
interfere with each other. The cross section of the rod is, for
inatance, assumed rectangular according to figure 34 and the
temperatures of the outer fibres tl end t2- Tho upper fiber

will expand more stronzly thaen the lower one and the rod will bend.

Thus the strossecs arc partially reduced in comparison with
the rigidly clempcd rod which cannot bend.

In general, this problem can be represented s follows. Thin-
walled bodies only will be discussed so that the stressos perpon-
dicular to the wall can be neglccted. For a rod-ghaped body with
a croas gection according to figure 35 which is not subJected to
external forces and is clamped on one end, the moment of the internal
stresses must become zoro in overy section. Morcovory, the sum of
the internal stress itsolf must disappear. Thus, with the dosigna-
tions of figure 35, tho following equations must be valid:

P

My

jozdf=0

J)ozy at

lr ¢ x df
Z

0

il
il

!

0

g
1]
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The moment of the internal forces equals zero, if it is zero for
any two axes.

Further, 1t is assumed, as in the theory of the bending of a
rod that the cross sections remain plans. Under this assumption

the statement (equation of a plane) can be made for the elastic
deformations

€= e, * Pl x + By

One now considers the first condition P = 0. If one gpplies the
formula given above for the estresses to an clement of the rod, one
obtalns the following:

P=0-= Jazdi‘=Ef[e-B(t-'bl)]df

If one now introduces the linear formulation for e according to
the equation above, it becomes

P=0=E reodi‘-x— fﬁklxdf+ fﬂkgydf-ﬁf(t-tl)df

The integrals ave transformed as follows:

The dilstation € was assumed to be constant. The second integral

represents the static moment of the cross section, referred to the
y-axls, and can, according to the centor-of-gravity thcorem, be
equated to felel is the distance of the ceniter of gravity from

the y-axis. The integral f y 4&f aleo can be transformed
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accordingly. Then ‘f t af = tmf with %, vepresenting the mean

temperature of the crose section. Thus one obtains

j'eodf-: ¢ £

J‘klxaf.-:klelf
Ikg;ydf=k292f
f t af = tof
J‘tldf-_-tlf

The temperature of reference tl contained in the formulas is

equated to the mean temperature of the cross section. The expres-
gion then becomes

B f(t~tl)df=0

The firast condition P = O yields therefore the relation

eo = klel + k232 =0

Then the condition Mx = 0 and My = 0 is considered. If the
coordinate system is selected so that it goes through the center
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of gravity, ey and e, equal zero. One may assume that the

following derlvations will be particularly simple if one selects
a system of coordinates going through the center of gravity.

The condition Mx = 0 ylelds

¥ =0=E [f ey af+ fﬂklxy df+f Bic,y? ar - fsé; - ’om)y df]

L

One equates

EH

[
2
f\
e,

ty af
‘ry tx

i
-

]
—

For an axis through the center of gravity the integral is f y af = 0.

Thus one obtains:

~

0 =04+ Bkllxy + Bk2Ixx - BItx

For the third condition My = O there results

M =0=E U e x af + Iklxzdi‘+ szxydf+ fﬁt-tm)x di‘]
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One designates

7y

f tx 4af IJGy

and takes into consideration that I x df for the axes through

the center of gravity equals zero. Then

0=0=+ BKlI + BKQI - pI

Iy y ty

So far 1t was assumed that the coordlnate system coes through the
center of gravity of the profile. If the coordinate system is
pelected so that it coincides with the main axe¢ »f inertia, the
integral also becomes

1 = af = 0
we |

From the three conditions P = 0, My = 0, My = 0 one there-
fore obtains

€ =0
(s}
KI,I_tz
IW
I
K. = X
« I
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The thermal stresges are calculated as follows$

E[e' B(t -tmﬂ!

Q
i}

Q
i

BE[le + Koy - (t - m)}

The temperature distribution in the cross section is assumed glven
by the temperature Tield determined in the preceding section and
represented by the isotherme. In the equation avove klx represents

a temperature and one may write

to = le + 22y + tm

This equation represents a temperature plane wh'ch can also be given
by the isotherms. Thus the thermal stress bzcomes

o = BEG:O —t)

Temperature and Stress Field for the Hollow Blade H8

In the cross section of the blads HE (fig. 3F) two Ilsotherm
flelds are superimposed. One now connochs the points where the
temperature diffeorence of the two fields is cqual, for instance,
the point at which the isotherm of the temperetuvre variation TOO°
intersccts tho isotherm of the suxiliary planc 7007 with tho point
at vhich tho isothcim of the temperature Picld t = (50° intersects

the isotherm of the auxiliary plane t, = 650°, otc. The lines of

equal tcmporature difforonce that werse thus oblaincd represent
simultancously lines of cequal thormal stressez. Figure 37 gives
the stress ficld for the hollcew blade HS whichh weo determined in
this mamner.
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VI. CONSIDERATION OF THE EFFECT OF THE RADIATTON
| O THE DLADE TEMPERATURE

The Magnitude of the Heat Radiation

For high gas temperatures, the walls of the nozzles radlate so
atrongly that the heat transfer by radiation compared with the heatb
transfer by conduction must no longer be neglected. The heat
quantity transferred by radiation between two walls is proportional
to the fourth power of the temperatures according to the equation

Q = Constant (Tah' = Th)

At first 1t is assumed thot the temperature of the radiating surface
(nozzle blades) is T, If one refers the heat quantity transferred

by radiation to tho temperaturec dlffercnce of the radiating bodiss,
one obtains as the heat transfer coefficient by raodiation

4 4
1 2
o = c 100, 0 =c(Tj+T2T+T,:T +T3)
8 8 T - 8\ g a a o o}
a

For oxldizod surfaces for technical use, one 1123 to insert in this
formula for cy i cy = 4.6, Tn deriving the formula the number 100

In the denominator is omitted.

Derivation of a Relation for the Influence of +the Radiabtion
on the Mean Blade Temperaturo

In deriving the mean temperature of the crogs section one
Introduces instead of oy the valuo ct.a + czs and obtains:

(u.s + cca)Ua(Ta -1 )= 1U1(TOS - T)
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From this equation there results
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G + @ + 2ty
Tos  GalUa¥ + Ggde + Usdy Up V4
T aU + U + aU, Uy
& aa " a4 Gy + &y + 0
T T
a
With
U, D
.-.J.'. =1 —— =mn
U, ¥
Tos
—— becomes
T
a
o8 G * O + MO Gy + O 4 NGy n(m - l)cz,i
Tahoca+oos+nor,i Qg + @, + RO
1. n(m - 1L)a,
G, + TG+ O
Tog =Ty
'I'a o

n(m - 1)o;

3 2 mom 2L e 3)
+noy cs(Tos + Tos Ta + J'or.:Ta * ooy
If one performs the multiplication, one obtains

Tan(m - l)cr.:,L

T

G+ DN

g + Cs(' . .)J
_TaL

c
aa+na.i+ :'3('.‘

]
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F?.nally,,
- = - L ok
Tan(m l)cx.i = (Tos Ta) (u.a + na.i) + csé.’os ‘I'a )

From the relation for the mean blade temperature without radlation

effect cne cbtains
To(a.}_:1 + ncci)

Ta(rum:r.i - ncr,i Gy na.i) = To(a'a + nu.i)

T(a. +nma,)
a\l a 1

¥

[}

Tan(m - l)(:t.:.L T, - Ta(d'a + na,i)

If one subtracts the equations from each other the result is

L LL)
0 = <Tos - To)(“’a -+ na,i) + CS<TOS - Ta

If one designctes the temperature difference between the moan
temperature with and without radiation effect by 4T, one obtains
for it

o+
a nay

In this equation Tos is still vnknown. One writes
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If this expression is introduced into the equation for AT, AT

becomes finally
100 100

U, /bo 3
a Ay + O.Ohcs ——
2 U, \ 200

With the temperature T, without radiation effect glven, the

influence of the radiation At can be calculated by means of the
formula above.

Complete Calculation of an Exemple

The blade HY for 900O gas temperature according to the example
in the second section 1s considered. For 8 percent cooling air
quantity, $o/$a then is 0.71l. For a stagnation temperature

of 840° ¢ $, becomes 573° C. With @, = 258, one obtains for
the temperature rise at a location of the blade subJect to radiation

At = 75°

Thus cne can see that occaslonally essentlal increases in temperature
may occur due to radlation of the hot nozzles. It was presumed for
the preceding derivation thet the nozzle wall taekes on the stagna-
tion temperature sb. It 1s known, however, that the walls of

nozzles do not have the temperature of the flowing gas but about
the temperature of the gas ahead of the nozzles. That would mean
for this case that the nozzls walls take on the gae temperature,
that is, for instance 9000, compared with a stagnation temperature
of 804°. The maximum difference between gas temperature and stagna-
tion temperature, however, appear only for the running turbine for
wvhich the flow velocity relative %o the blade has the smaller

value of wl =C T Uy instead of the nozzle exit veloclty cq-
For segment tests, wi = cl. Then the stagnatlon approximately

equals the gas temperature. In figure 38 the meen temperature ab
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for the hollow blade HY is represented as a function of the cooling-
alr quantity with and without radiation effect.

Influence of the Radistion on the Nozzle Temperature

Thus the preceding desrivation for the increase of the blade

temperature & by radiation, with the temperature of the nozzle
[o) ’

walls equated to My is velid exactly only for the evalustion of

segment tests. The fact is neglected that the nozzle walls them-
selves experience a temperature drop due to the heat radlations to
the turbine blads. The following derivation will take into account
that the actual temperature of the nozzle wall lies between gas and
stagnation temperature. For the temperature of the nozzle wall the
relation

4 \ 4

Tnozzle Tog

26 T -7 1 = ¢ —emne -t —
®nozzle\ 888  nOZZIE 8 100 100

is valid If ones takes into consideration that heat is transferred
to the nozrle wall by convection on both sides whereas heat is
radiated only on one side. One equates

Tgas B Tnozzle N Atnozzle

Then there is

? L
[( Tnozzle)l‘L (TOS) ]
c8 PGt - | —
100 100

eab
nozzle

e P

In this formula TD and Tos are at first unknown. In calcu-

leting Atnozzle

an approximate value of At

one may choose the procedure to calculates first

= At for various T _g,

nozzle nozzle
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by equating TD =T Then one calculates a first approximstion

for

gas’

Thozzle = Toas ~ BYozale

With this velue cne obtains a second approximation of A*nozzle'

Thus the solution cf the equation of the fourth order can be avoilded.
In figure 39 the drop of the nozzle temperature is piotted for 900°

gas tempsrature and a heat tranafer coefficient @, 1 = 30Q.
nozzle

With these values the nczzle temperature becomes somewhat larger than
the stagnation temperature. However, for the evaluation of the
segment tests one may calculate with T, ,.10 = T,

VII. TESTS ON BLADE SEGMENTS AND COMPARISON WITH THE CALCULATION

Description of the Tests

These tests were performed on a blade segment on the scales 1:1
with 7 blades H? (table II). The blades were hoated by gas from a
combustion chamber. The cocling air and combusticn ailr wers supplied
by two rotary piston compressors. In the following discussion only
the test points 7 &nd 8 at the center of the blade snd 17 and 18 at
the blade edges (fig. 40) are considered out of about &5 test points
distributed over differsnt blades. These test points are in the
neighborhood of the blade tips sc that the heat conduction to the
rotor disc is negligible. The ratios of the measurcd temperaturcs
and the gas temperstures are set up and plotted as functions of the
cooling-air quantity. The test results for 700%and 900° gas tempera-~
ture and the velocities Wy between 200 and 350 msters per sccond

wore ussd.

Result of the Tosts

The assumptlons madse for calculating the temperaturs sbmin

are valld for the test points 7 snd 8. In figure 41 the measured
temperatures for test points 7 and 8 are plotted together with the

calculated temperature SQmi for comparison. The calculated .
n

temperatures arc slightly higher than the measured onss. The
thermowires were led to ths outalde through the cooling ducts. The
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cooled wire removes heat from the blade wall so that the presence

of the meastring wire at the test point causes a drcp in temperature.
In the next section the errcr of measuremeut caused vy the installa-
tlon of the thermcwires in the gas or cooling ailr flow will be
further investigated.

The test points 17 and 18 are closs to the blade edges. The
temperature can be determined according to the indlcations in
Bection IV. Figure 42 contalns the meesured temperatures for the
test points 17 and 18 and, for compearison, the tempersture cal-
culated for test point 17. Here also the calculated values are
higher than the test values althcugh these test points were
instelled in grooves, so that the errcr due to the thermowires
was elimlnated. Moreover, an additional heatingz should accur at
the test pcint 17 due to radistion of the nozzles.

The differences between the temperatures of the blade cdges.
test points 17 and 18, and the tempereturss of the blade center,
test points 7 and 8, are correctly represcnted by the calculation.
The agreement of mwasured and calculated valuss with respect to
magnituds also is very gnod sinca the latter values src on the
average only 2 to 3 percent higher than the former cnes.

VIII. ERROR OF MEASUREMENT FOR THE INSTALLATION OF THERMQWIRES
IN THE AIR AND GAS FLOW, RESFECTIVELY

Origlin of tha Error

For temperature messurements on gas—turbine blades, great
difficulties often arise¢ in the installatl-n of the thormocouples.
For small wall thicknesses below 1 millimeter, in p=rticular, a
reliable installation in grooves or bore holes is no longer possible.
The thermcwirss towasrd the outsgide have to be freely guided in the
gas or alr flow. The conductivity of the thormowire causes here
an error. On the cocling air side of the blade wall the measuring
wire is located 1n the cold cooling air flow and removss heat from
the blade wall so that s temperature drop sppesrs et the test point.
On the gas side the wire becomes wasrmer than the blade wall and
additional heat flows into the wall ceusing a rise in the wall
temperature at the test point. The magnitude of the error dus to
the presence of the wire will now be determined.

Derlivation of a Formula for the Magnitude of the Brror

A pvart of the blade wall of tho thickness & is consldcred,
with a thin wire of the thickness 2rl running into it. In the
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blade wall the heat flows radially toward the measuring wire. An
annular cut-out of the radius r and the thickness &r is con-

gsidered. The heat content Q3 enters this annular element of the
blade wall from the gas 8ide according to the following relation:

Q3 = ab2ﬂr dr(sa - )

& Dbelng the wall temperature at the distance r from the center
of the wlre. On the cooling alr sidse of the blade wall, the heat
content Qu is ahsorhed by the c-oling air flow,

Qb = aiEn dr(s - 31)

Here agaln the temperature diffcrences at tight angles to the blade
wall have been neglected. For the hest flow in the blade wall the
relation is valid

VA \
Ql.qg:k’an.&(rﬁl_é.ygﬁ ar
w dr2 dar

The heat content entering the annular element is assumed to be
positive, the heat content leavingz it, negative. Then the equation
is valid:

Ql-Q2+Q3—Qh-=O

Therefrom one obtains the differential equation
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Theref;om_pne obtains the differential equation

-——aﬂ + Li = 8a
N ¥ AL
andl
a ®q .\
B+ 3 oas
~ i e
R -

one obtains the following Bessel's gifferential equation of zero
order

or, with -6 = §

s T 3 there results

|

e" + ~8' - g8 = 0

The solution reads:
- io -
8 = Mo(ivar ) + BiHo évar)

At great dlstance from the wire, that is, for r = o, 6 =0
or d= S Upon insertion of these veluss cne obtains

8, = AI_(®) + ByH ()
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One obtains A = O, because of I.(w) =c. Thus there remains
’ -
6 = B8, (1{ar

The constant B 18 determined from the magnitude of the heat
cortent flowing in end flowing away through ths wire. One considers
the wire as a rod of the circumfersnce U = 210:‘1, and the cross

secticn T = rl‘au; then the resulting heat content flowing through
the rod [8]1s

Q = ?PIB—E (‘“’l -3 1) tan(Bh)

Since the wire must be regerded as long 1n relation to the diasmeter,
one may equate tan(Bh) = 1. 31 1s the tempsrature at the point x=0,

that is, at the wall. At large distance from the wall the wire
assumes the temperature of the cooling air, designated by “Q’i' The

heat content Q 1leaving through the wire must enter the wire from
the wall. If one considers & cylinder of the radius r; 1in the

blade wall, the rslation

Q = )Jc‘m:'l% g%)

is valid for the heat flow. From this relation ono determines (5_3;?_ H
: dr.

1
from this value the missing constant B then results as follows:

<§1%>1 =B ;Hl(i'\fgrl)
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The constant. B becomes

I
B.__B (31 i si)
xwenrlgﬁml(i\ﬁrl)

For determination of this constant the assumption was made that the
heat flow in the wall will be radlal up to a radius r;. Actually

the heat flow lines will deviate befrnre that. Thus the calculation
was carried out under simplified, not wholly exact assumptions. The
error Gl, that 1s, the difference between the wall temperaturse
without wire 82 and the temperature at the location of the wire 31
is determined as follows. The constant was

an U
91 Br (5, - ‘°’1>

) 15, (1Var) i xwznrlwgml(ixjgrl)

One equates the expression

SprT1rpr 1H, (i \er 1)

2adhy 131(1\131-1)

= XY

Then 6 1is

Oy =% =%y = XY(% - s1)

further,
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and therefore

o, = XY<$2 -9, - *’1)
One obtains

w3
91=-_....__._.____..
1+3Y

or, written in a different form,

83 1
%2-.'3,1 1+ Xy

The left side represents the error referred to the difference between
wall temperature and ccoling-air temperature. One may represent the
error as a functlon of the two valuss

X -
Ho (i\]a;rl)
N B
T 1M

in percent of the temperature difference 3, - ;- In order to

s8implify the manipulation, the error is represented if figure ki
ag a function of the values
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oWy
\f——
Dy Apr

Complete Calculation of an Example

The use of the chart (fig. 44) will be discussed on hand of
an example. The fellowing values are glven.

Temperature of the blade wall without
thermocouple, 85, 9C « « « ¢« ¢ v « v v v i i e v e e . . . 600

Cooling-eir temperature, 8§y, °C + « « « « + v o v v v v o o . 150
Heat transfer coefficient on the gas

side, a.a,Kcallm?-, O, B v v v e v e e e e e e .. 258
Heat transfer coefficient on the cooling air

side, a,, Kcelln®, °C, h .« .. ... ... ... 155
Heat transfer ccefficlent on the thermo-

wire, ap., K callm®, %, h  + v« v v v v et 4. ... 1180
Heat conductivity of wire and blade

wall, %, Kecalfm, O, h =« « + « v v ¢« v v v o o « v+ « .18
Wall thickness, &, IM . . + ¢ « + « « « & s o o « « s o« o « o o L
Wire thickness, 2rj, mm . . « « + ¢ ¢ « o v s 4 o o 4 o s .. 0.5

One now determinss the two characteristic values

2 o
I = (“i - “a)rl _ 413 x 0.25° x 1000
e

= 0.0379

18 x 1000° x 1.0

2 x 413 x 1
118 x 0.25

= 1067
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Pigure 44 gives the error of measurement for these values as
7 percent. The error itself is

e, = 0.07(}2 - $é> = 0.07 x 450 = 31.5° ¢

Thus the error cen be determined in a simple menner with the
aid of the characterietic values x and y.
IX. POWER REQUIREMENT FOR COOLING AND FROSPECTS
OF THE HOLLOW~BLADE TURBINE
Power Required for Coocling the Turbine Rotor
The turbine rotor with the hollow blades has the effect of a
centrifugal compressor. The cooling air leaving the turbine rotor

has the circumferential component cuy = Ug - Thus the work absorbed
by 1 kilogram cooling air is

- I [x
Riotel = 7 <D‘acu2 - T ek

The pover absorbed by the cooling air then 1is

GKHtc*al
Nooor = P8
5
The turbline power is
Gaastony
NT =
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The turbine gradient Ho can be expressed by the ratio u’c0 as
followa: c

2
. -ie_-(sgee_%
° 2g u 2g

it is customary to ingert the mean circumferential velocity of the
turbine rotor. The relation between mean circumferential velocity
and maximum circumferential veloclty u, is:

U D
e_.e_fi .,
U m Dy

with 1 designating the length of the turbine blade. One now forma
the ratio cooling power requirement/turbine power:

Ulm

2
Neool. - S Biotal - 2ug /23 p
N, G__E (cofu) u2
T gas “o p of*) og T

N

/f
cool.___' 2 . 1"'—1'2-]-'-P
Np o (%) Dy | nip
For the examples mentioned, H5 and B7, the ratio is /Dy = 0.166,
The cptimum efficiency of a turbine is obtalned for a certain
ratio ufco, a value lying between O.4 and 0.5, If one assumes,
moreover, an efflciency, for instance Np = 0.75, all values in

the equation above are known and the power ratio is proportional
only to tke percent cooling air mass., n bscomes:
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o

it

[\
PN
o!s::
o r
\"’l\)
L '.—l‘

+

|w B T

S

|

L+ ]

=]
[}

2(0.4 + 0.5)9(1 + 0.166)2 6%—5- p = (0.58 +0.91)p

The power requlrement for coocling is therefore independent of the
magnitude of the circumferentisl velocity.

Feeding Performance of the Blade Star

The static work head of the turbine rotor may be calculated
as follows. One =mssumes that the circumferential ccmponent of the
cooling-air velocity at every polnt is Cy = U= 1, that 1s, that

the flow goes through radial ducte. Then the static pressure
increase on the way from r =0 to r 1is

r r 2
dp 1 Sy ' 1 02r® w2 el
— - —— dr = g— dr = — | —
y & p r g |e |o
o o
u?
= EE Hytat

In a turbine rotor of a mean circumferential velocity of 300 meters
per second, the clrcumferential velocity at the blade tip corre-
sponding to Da,Dm = 1.166 1is U, = 350 meters per second. The

gtatic work head becomes

w

HBgigr = — = 6250 mkg/kg

N
®
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A pressure ratio of about 1.8 corresponds to this work head. Flow
tests for verious hollow blades ars reproduced in filgure 45. A
pressure ratio of about 1.35 is reguired for a cooling air quantity
of 7.5 percent. The actually present pressure ratio le 1.8. The
feeding performance of the turbine rotor is therefore sufficient to
press the cooling air through the blade ducts and, moreover, to
feed the cooling air agailnet a certsin excess pressure toward the
turbine rotor. For a favorable design of the blade shape, suffi-
clent cooling can be obtained with 5 percent cooling alr for

300 meters per second circumferentisl velocity and 900° gas tempera-
ture. The power roquirement for cooling then is 2.9 to 4.5 of the
turbine power.

Power and Efficiency of a Gas-Turbine Apparatus for &
Tempersture Incresse to 650°

The improvement of the thermic efficiency of ths turbine
arrangement by higher temperctures corresponds to this cooling
requirement. A gas turbine inestallation with uncooled blades and
a hollow blade turbine shall bz considered for comperison. The
operating temperatures of the fuel gas shead of the turbine are
assumed to be 550° or 850° C. In table VIII both srrangements
are conpared. A larger compression ratio is useful for higher
gas temperature. The values for the internslly cooled turbine are
teken from a publicaticn aboub tests on ¢ turbine apparatus
manufactured by BBC L9j.

As shown 1n teble VIII, one obtzins by increase of the tempera-
ture to 850O ehead of turhine with the 3zme blower an lncrease of
the useful power from 5700 to 12000 PS (German HP), that is, to
about twice the amount. For equal design requirements the uscful
power becomes, therefore, essentlially largsr. In other words, ths
alr requirement per PS useful power which is decisive for the size
of the engine will be about half as lerge. The thermic efficlency
increases from 18 to 20.1 percent if one inserts 5 percent of the
turbine power as the power required for cooling.

For the BBC apparastus the temperature behind the blower is 2030.
The temperature of the exhaust geses is given as 278°. Thus the
temperature difference between alr and sxhaust gee which is decisive
for the utilization of the exhaust heat is only 75°. A heat
exchanger will, therefore, not be of great use ia this case and
wag, for that reason, omitted in the BBC - instelletion. The con-
ditions in the apparatus with 8500 gas temperature are different.
There the resulting temperature behind the turbine is 556°. The
temperature difference between gas and air is here much larger end



62 NACA ™ No. 1183

amounts to 556° - 203° = 353°. The following expression ie desig-
nated as factor of merit of the heat exchange:r:

_ a4 tlaip O g gy
Mcool., = = 1

-~ £ -
tlgas t'air gas tlasr

A factor of merit of 0.4 - 0.45 can be reached without a par-
ticularly large expenditure. For a factor of merit n.5q, = 0.4 ome

obtains for the 850° - apparatus the following values (table IV),
if the blcwer remains unchanged.

The combustion air is preheated to 34L° C in the heat exchanger,
thus reducing the fuel quantity from 3740 kg/h to 2950 kgz. Corre-
spondingly, the thermic efficlency of the apparatus rises from 20
to 25.4 percent and the apecific fuel consumption decreases to
246 gr/Psy .

For these considerations the compregsion ratio was taken over
unchanged frcm the 550° - apparatus. It is kunown from various
computational investigations thst the mcst favorable compression
ratio is higher fcr higher temperaturc¢ ashead of turbine. There-
fore, another eXamplc with a higher pressure behind blower of
6 ata shall be fully calculaeted. Ths blower officiency is assumed
gomewhat smaller, as &4 percent, the turbine efficlency as before.

In table 10 the numerical values for the larger pressure ratlo
are compiled. The useful powsr increeses by 1100 PS to 13100. The
fuel consumption decrecases because the compressed air leaves the
blowsr at highur temperature. The thermic efficiency improves; it
increases from 20 to 23.7 percent. The same apparatus wilith heat
exchanger, agaln under assumption of a factor of merit of O.h4, has
a thermic officiency of =8.6 percent asnd a specific fuel require-
ment of 217 gr/PS h (table ZT). These numerical values prove that
with the hollow-blade turbine for tempcratures of 800° to 900° an
essential increase of fuel utilization and of useful power per
kilogrsms per second combustion air is obtainable. Ths values
given represent by no means the upper 1limit that could be reached.

Influence of the Exit Loss on the Turbins Efficlency

For the examples in the first section the circumferential
velocities consldered were 250 and 300 meters per second. Now the
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problem remains to be investligated whether large clrcumferential
velocltiea are useful also for gas—turbine aspparatus where every
percent efficiency matters. TFor large circumferential velocity,
at first the same stage efficiency can be cbtained as for smell
circumferential velocity as long as one remains below sonic
veloclty and avolds short blades with considerable slot loss. The
use of large clircumferential velocities results in a turbine with
fow stages only. The exit energy from the last stage 18 here very
noticeable end deterlorates the total efficliency. If one considers
a turblne stage with the velocity triangle according to figure k46,
the exit energy is

022
hA = —
=g

For the optimum sfficiency, that 1is, perpendicular exit ome
cbteins

c.2
tan = e
%=
Therewith the exit energy becomes
2
h, = Ome = EE (?an ¢
A 2g 2g aE)

If one sets up a ratio exit energy/stage gradlent, one obtains

b 2
.—A_ - .13._ (tan a2>2
HO CO
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For instance for an exit angle Uy = 35° end a characteristic
value ujcy = O.5L the exit loss will be

o
~3
it

0.123 = 12.3 percent

The exit loss may be reduced by smaller exit 2ngles. For an exit
angle of 25° smeller exit losses result, nomely 5.4 percent for
ujc, = 0.5. The loss of exit energy cen also be reduced by an exit

diffuser, similar as for s water turbine where the exit energy,
particularly for specific high-speed turbines, is of declsive

influence on the efficiency. If there is = greater number of turbine
stages, the exlt ensrgy is of less importance for the total efficiency.

For the gas-turbine zpparstus represcnted in table 10 2 pre-
liminary design of a turbine of 300 meters por second circumferential
velocity shall be made. One obtzins a three-stage turbine, with
only the two first steges cooled. The gradients and the corresponding
temperatures are compiled in table XITI.

The pertaining I-S diagram is shown in figurc 47. The exit loss
from the last stage is zssumed as 12 percent. The exit loss then is,
referred to the total gradient,

h

A 35

-— 12 e o . ere nt
H, 113 3.7 perce

One can see that the influence of the exit energy can be kept
small aslso for a small number of stages. For reason of simplicity
of construction it is useful to select for high temperatures gas
turbines with only 2z few high-speed stages.

Transleted by Mery L. Mahler
National Advisory Committec
for Aeronautics
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TABLE I
Temperature ahead of nozzle, OC 4 v v v v v v v v ¢ v ¢« 4 v o o o o s o s o o o o 900 900
Circumferential velocity U, I/S6C « o « o o o o o = o s o o o s o o o s s o o o & 250 300

Nozzlo angle G, «+ o « = ¢ « T o e ettt i 25930 24%30:

Angle of flow incidence of* the blade B, deg « « = ¢ ¢ « ¢ v o v o v v v o v o o« U] 41

Nozzle exit velocity, MfSEC o o + o & 4 ¢« v 4 4 4 v s s 4« s o v 0 o o 0 0 u o a0 o 55 692.5

Relative velocity of the flow with respect to the blade, m/sec + « +» « + « & & « « 365 435
Nozzle contraction coefficient € « « + o o o« v s o ¢ ¢« 4 ¢ s o o v v s oo o oo 0.8 0.8
Cooling-air temperature 845 0 T 15 10] 150

Stagnation temperature ., C « v v v v v v i it e et e e e e e e e ... 805 762

E€8TT 'ON IN.L VOVN
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TABLE II
Blade H3 HS BT H8
Mean diemeter D - 217 283 283 527 .5
length 46 W7 47 87.7
Blade
width 16 19 18 26
number 8o 60 66 90
Blade
spacing 10.89 14.81 12.35 18.4
area 2k .37 32.1 28.5 59.9
Mean cooling duct
circumference 21.8 30.0 h7.5 35.7
External circumference U, 41.88 50 50.5 69.6
Mean blade cross section 37.23 48.6 43.0 102.1
height 39 41 41
Nozzle ./
angle 20 24930 24°30"
U3/, 0.521 0.60 0.937 0.513
Fi/hts 0.057h 0.0527 0.0563 /.
i, = U /u 13.3 15.9 16.07 22.2
a
hfk
d; = — 4.46 5.27 2.615 6.7
U
i
2

Linear dimensions in mm, areas in mm".
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TABLE III

68

Blade H5 HT
B 0.735
Foin 5.636 5.4
Fy
.2
(da /di>o 65 1.416 1.614
.18
<Ti /Ta)o 153 0.843 0.843
m m
<u,i /a.a> 3.465 p 3.78 p
TABLE IV
Blade 5 HY
Cooling air mass in percent 5 7.5 5 7.5
Re, 13,600 13,600 13,720 13,720
Nu_ (L 72 72 72
a, 226 226 258 258
B 125.7 130.0 156 164




TABLE V

Nozzle angle 40°35'

Test of Oct. 6, 1941

Barometric pressure 728 mm Hg

temperature 17.5° C

Boil s Static pressure
oller pressurs in the nozzle Pressure Specific welight Velocity
Ppoiler Prozzle difference (k /3> w
(mm WS) (mm ¥S) Op (mm WS) 7 \&gjm (m/sec)
28.5 13 15 1.167 16.15
43 20 23 1.169 19.65
66 29 37 1.171 2h.9
95 40 55 1.174 30.k
113.5 47 66.5 1.178 33.3
165 69 96 1.183 39.92

69

€8TT 'ON IN.L VOVN



TABLE VI

Rozzle angle 40°35' - Date: Sept. 23/2h, 1941 - Barometric pressure 726 mm Hg

Mean
ores [somrariro |prossoce| o euceene | Toltnge | protuces | Comerziure | Bepareturs | 0, | Meselt |y | Rerncide
moo [ (%) |Gm¥s) | (amp) | (vOR) | by curzent, Jpade | an(%) fooerristent | Ty (a/a)| T
m

1 25 b1 3.33 117.5 0.0934 66 41 99.7 394 19.15 | 103,300
2 25.7 41 3.98 142 .13h7 8.6 59.9 98.4 388.5 | 19.15 | 103,000
3 26.3 Lo k.53 164 A7Th 103.9 77 -6 99.8 394 *18.9 101,300
N 26.2 4o 5.0 185 .2208 124.1 97.9 98.75 390 18.9 101, 300
5 26.2 64 3.44 122 .1001 65.2 39 112.3 443 24 .k 130, 800
6 26.2 6k %.28 155 158, 8.3 60.1 115.8 457 244 130,800
7 25.6 64 4.5 18 .2083 10k.5 78.9 115.5 456 2.l 131,100
8 25.5 6l 5.4 202 .2602 124 .4 98.9 15.2 454 2h.b 131,100
9 13.6. 105 4,28 155 .1584 66.1 ° 52.5 132.8 542 31.9 183,100
10 13.6 105 k.9 183 214 85.3 1.7 131.3 536 31.9 183,100
11 14.0 105 5.6 209 .2791 104.1 90.1 136.2 555 31.9 182,700
12 23.4 127 4.03 146 .10k 65.5 hz.1 7 58 35.4 | 192,700
13 23.4 17 4.81 179 2054 8.1 61.7 146.6 58 35.4 | 192,700
1% 23.4 127 5.55: 206 .2728 103.7 8.3 149.4 593 35.4 192,700
15 2h.2 15k 4.13 151 .1480 66 41.8 156.7 620 39 211,100
16 2.8 155 4.95 185 .218 8.6 60.8 157.9 626 39.15 211,150
7 b7 154 -5.73 cle 2868 103.6 78.9 161.7 639 39 210,500
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TABLE VII

Notzle angle 40°35' - Date: Sept. 23/24, 1941 - Barametric pressure 726 mm Hg

TL

Test Blade temperatures jest point 1 -+ 20 m.DE
pgcift 1 2 3 b 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1 62 65 66.51 66.51 66 6h 62 64,5| 61.5| 66 65 66.5 | 69 69 68.5| 66 64 66 69 67
2 8 ) er 8 8 84 81 8.5 8 8 83 86 89 8 8.5 & 82 8 8.5] &
3 98 1103 106 106 105.5 | 102 98 103 106 103.5 ] 101 10k 108.5 } 108 |107.5 | 103 100 103 108 }105
I 118.5 | 124 128 128 127 122 117 123 127 123.5 | 120.5 | 124 129 129 128 122.5 [117 122.5{ 127.5 | 12k.5
5 62 65 66.5| 671 66.5| 64.5] 62 6h.5] 66.5| 64.5| 63.5| 65 67 68 67 65 62.5| 64.5| 61 66
6 81 8 88 88 88 8.51 8.5 & 88 8 84 86 90 90 90 86 8.5 8 %0 88
7 97 |102.5]106 |16 |106 107 96.5]102.5]106.5]103.5} 102 J105 J1w0.5)100 109 |10k 99 Jiok }110 |106.5
8 (116 (123 (127 (127 {127 (121 115 fi122.5}128 (13 [1er f12k.5({131 {131 {130 {124 {118 {123 (130 {126
9 61 65 68 68 68 64 59.5| 65 €8 65.5] 64 67 70.5] 705} 70 65.5 | 61 65 70 67
10 78.5| 84.5| 88.5| 88,51 85| &.5)| 765 83 88 8.5 & 8 91 9l 90 8y 78.5 | 8 %0 87
11 % |103 108 108 }1io7 101 93 102,5]108 1ok J100.5/105 }j112 J112 [110.5}103.5) & ok }111 |07
1z 61 65 67 67.5| 67 64 60 64 67.5| 65.5| 63.5| 66 6% 69 68.5) 65 61 65 69 67
13 |79 8u5| 88 | 88 | 85| &s| T 8 8 | & & & %051 90.5] & 8 {785] & 8.5 86.5
b1 % }103 lwo7 {107.5l107 {100 93 | 101.5|107.5]103 99.5|10k |111 |110.5(209 |102.5( 95 |102.5]110 | 106
15 62 65.5 | 68 68 68 64 60 65 68 66 6l 66 70 695.5 | 69 65 61 €5 69 67
16 79 8y.5 | 88 88.5| 88 83 76.51 8y 88,5 85.5| B 86 91 91 90 8.5 | 79 8.5} 9.5] &
17 9%.5|103 [107.5] 108 {107 |100 93 [101.5]108 [103.5{ 99 103 |110.5] 110.5{109.5] 102 94.5|101.5] 109 | 105.5
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NACA TM No. 1183

TABLE VIIT

Blower:
Temperature ahead of blower, °C .
Temperature behind blower, ©C . .

Pressure ahead of blower, kg /cm2

Fressure behind blower, kg/cm? .
Air weight, t/h . « « « « o « . .
Adisbatic gradient, K oal/kg . .
Adiabatic power, PS « « « . . . .
Thermodynamic efficlency, percent
Power of the generator, PS . . .

Turbine:

Temperature ahead of turbine, °C
Temperature behind turbine, °C .
Fressure anead of turbine, kgﬂmﬂa

Pressure behind turbine, kg/cm2 .

Gas welgnt, t/h « « « « « &« o . .
Adiabatic gradient, K cal/kg . .
Adiabatic power, PS e s o e o e
Thermodynamic efficlency, percent
Power of the generator, PS . . .

Combustion chamber:

Heat value . . . e e s e e e .
Fuel gquantity, kg/h e e e e e
Power of the generator, PS . . .
Thermic efficiency, percent . . .
Specific fuel consumption, gr/PS h

BBC combustiocn
turbine
apparatus

. . 0.988

o o » b.3h
. . 222.8
.« « 375
. .« 13,200

. . 15,600

. . . 552
.+ . 278

[ ] - L] h027
. « o 1.00
. . 224.8

e o o 67.9
. . 24,100
.. . B8.Y
.. 21,300

. . 10,140
. . 1,967
. . 5,700

72

Hollow-blade
turbine
apparatus

23

203
0.988
4.34
222.8
375
13,200
8.6
15, 600

850
566

4.27

1.00
226.4
92.6
33,200
83.4
27,600

10,140
3,740
12,000
20.1
311
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TABLE IX

Heat exchanger:

Factor of merit . . ¢ + ¢ ¢ o ¢« v ¢ ¢ & o .
Air temperature shead of heat exchanger, °C
Air temperature behind heat exchanger, °C .
Gas temperature ashead of heat exchanger, ©C

Gas temperature behind heat exchanger, ©C

Heating of the air, °C . . . . . . . .
Air quantity, t/h . « . « . . . . 0. ..
Fuel quantity, kg/h « « « o ¢ « v ¢« v o « &

Useful power, PS « « ¢« « « ¢ ¢ ¢« ¢ o o o &

Thermic efficiency, percent

Fuel consumption, gr/PS h .

NACA TM No. 1183

. o 0.k
. . 203
. 3hk
. 566
. 436
. 14
. 222.8
. . 2950
. 12,000
. 254
. . 246



NACA TM No. 1183

TABLE X

Blower:

Temperature ahead of blower, °C
Temperature behind blower, ©C .
Pressure ahead of blower, ata .
Pressure behind blower, ata . .
Alr weight, t/h . « « « « ¢ o o .
Adiabatic gradient, K cal/kg .« v
Adiabatic power, PS « « « o .« & .
Thermodynemic efficiency, percent .
Power of the generator, PS .« « ¢« ¢« ¢ o ¢ ¢ o &

Turbine:
Temperature ahead of turbine, °C . . . « + . .
Temperature behind turbine, °C . . « . . . . .

Fressure ahead of turbine, kg/cmf c o e e e e .

Pressure behind turbine, kgfcm® + « + « « + o
Gas weight, t/h « ¢ + « ¢ ¢ ¢ ¢ o o o o s o o
Adiabatic gradient, K cal/kg . « « « . &
Adlabatic power, PS « «. « ¢ s ¢ o ¢ o o o o o
Thermodynamic efficliency, percent . . . .

Power of the generator, PS . . . . . . .

Heating value, K cal/Kg « « « « ¢ « o o o o o« &
Fuel quantity, kg/h « « « v ¢ ¢ & o o o &
Power of, the generator (useful power), PS
Thermic efflciency, percent . . . « . .« .
Specific fuel consumption, gr/PSh . . . « . .
Useful power per kg/sec combustion air, PS/kg .

TABLE XI

Heat exchanger:

Factor of merit ¢ o ¢« ¢ ¢ ¢ ¢ o 4o ¢ o o o o o
Temperature of air ahead of heat exchanger, ©C
Temperature of air behind heat exchanger, °C .
Temperature of gas ahead of heat exchanger, °C
Temperature of gas behind heat exchanger
Heating of the air, °C . . . . . . . . . .
Air quantity, t/h « = v ¢ ¢ ¢ v v v 4 4 .
Fuel quantity, kg/h . . . . . . . . . . . .
Useful powar, PS v ¢ v v v v ¢ ¢ « o o &
Thermic effliciency, percent « « o v o o o « . &
Specific fuel consumption, gr/PSh . . . . . .

s & o o

74

0.988
L] 600
222.8
o 475
16, 800

g\.
(o]

O e

O’

8

. 256
. 363
« 509

. 107
222.8
2850
13,100
. 28.6
. 217



NACA TM No. 1183

TABLE XIT

Stage 1 2 3

Gradient, K c8l/KZ « + « « ¢ « o « & + 4o o « « » . « 45 33 35

Temperature of gas ashead of stage, °C . . . . . . 80 70k 596

Stagnation temperature, °C . . . . « « . . « + . . TW7 631 5h2

Cooling air mass, percent . « « ¢+ ¢ ¢ ¢« ¢ ¢ ¢« o « « 5 1.5 =---

Blade temperature, °C . + + « « o « = « + « +» . . 560 580 sL2
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Figure 1.~ Cross section through the blading.
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Figure 2.-

Heat transfer at the blade profile.
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Figure 3.- Heat transfer in the cooling duct.

Ui Internal circumference

Ug External circumference

Figure 4.- Cross section through a hollow blade.
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Figure 5.-

Temperature variation at the blade.
X=0
L —¥x
VIS A LAY
o Ydx | L]
Rm/ /R
r /

Figure 6,- Cylindric blade,
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Figure 7.- Stress function for the cylindric blade,
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Figure 9.- Stress function for the tapered blade.
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Figure 10.- Cross section of two hollow blades.
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Figure 11.-

Mean blade temperature
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Ratio of the heat transfer coefficients as a function of the
cooling air mass.
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Figure 12.-
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Blade temperature as a function of the cooling air mass.



— Blade H 5
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Figure 13.- Temperature variation and stress at the hollow blade H 5.

Figure 14.- Temperature variation and stress at the hollow blade H 5.
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83 NACA TM No. 1183

Blade H 7 Blade H 7
Gas temperature 900° Gas temperature 900°
VN ?ermissible stress
800 20 80 N 1
\ ~ _L —
\ \6p= permissible stress
D
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/A Blade temperature d"' N
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Cooling air 5% 5 Cooling air 7.5% )
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Figure 15.- Temperature variation and stress at the hollow blade H 7.

Figure 16.- Temperature variation and stress at the hollow blade H 7.
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Figure 17.- Heat resistance of the material ‘“SAS 8”’
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Figure 18.- Reserve strength as a function of the
circumferential velocity.
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Wind tunnel for cascade measurements.

Figure 19.-
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Figure 21.-

Test blade.
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Figure 22.- Dimensions of the test blade.
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Figure 23.- Velocity as a function of the chamber pressure.
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Figure 24.- Nusselt number for the blade profile H 3,

‘ON WL VOVN

€811

06



91

NACA TM No. 1183

Figure 25.- Blade cross section.

&

Figure 26.-

Temperatures in the blade cross section.
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Figure 27.- Temperatures in the blade cross section.
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Figure 28.- Temperature drop in the blade wall.
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Figure 29.- Temperature field.
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Figure 31.- Maximum, mean, and minimum temperature in the cross section of the blade H 5.
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Heat cracks on a blade.

Figure 32
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Figure 33.- Rod with rigid clamping.
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Figure 34.~ Rod clamped on one end.
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Figure 3.~ Cross section of a hollow blade.
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Figure 36.- Superposition of temperature field and temperature plane for
the blade H 8.
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Figure 37.- Stress field for the hollow blade H 8.



10
S
\§ %
09 \E °
N L
\ Tad; e 89%’ 0
S ]
\§ 2,%} Poas
08 900
07
0 2 é 6 8 10

Cooling air quantity as percentage of the gas weight

Figure 38.- Mean temperature of the blade H 3 with and without radiation,
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Figure 39.- Variation of the nozzle wall temperature by radiation.
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Figure 40.- . Location of the test points in the blade cross section.
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Figure 41.- Comparison of calculation and measurement for the minimum temperature in the
blade cross section H 7.
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Figure 42.- Comparison of calculation measurement for the temperatures at the test
points 17 and 18,
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Figure 43.- Thermowire at the blade wall.
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Figure 45.~ Pressure ratio for the hollow blade.
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Figure 46.- Velocity triangle.
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Figure 47.-
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] - S - diagram of a three-stage turbine apparatus.



